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The microsatellites, as one of the most robust markers for identification of wheat varieties,
were used for assessment of genetic diversity and population structure to promote effective use
of genetic resources. In this study, the set of 284 wheat varieties were genotyped using 30
microsatellite markers. The chosen SSR markers were located among almost all linkage
groups and covered all three genomes. The genotypes used originate from 24 different breed-
ing centers worldwide and are included in an extensive core collection of the Institute of Field
and Vegetable Crops in Novi Sad, Serbia. The total number of detected alleles was 349 at all
analyzed loci. The average number of detected allelic variant per locus was 11.5. The mean
value of polymorphic information content was 0.68. According to the probability of data ob-
tained by program Structure, the results have shown presence of 6 subpopulations within the
studied set of genotypes. The population structure positively correlated to some extent with
geographic origin. The available pedigree data were included for additional explanation of
population structure. The results of this study should provide valuable information for future
association studies using the diverse wheat breeding material.
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Introduction
Wheat is one of the most important cereals worldwide. The most commonly grown spe-
cies are Triticum aestivum spp. (bread wheat) and Triticum turgidum var. durum (durum
wheat), which make 95% of the total wheat consumption (Randhawa et al. 2013). Intensi-
fying of wheat breeding and selection processes during the last century has had a great im-
pact on genetic diversity in the cultivated genotypes. Understanding genetic variability in
existing plant material is important as it may indirectly reflect the level of genetic progress
in future cultivars (Chen et al. 2012). Selection of crossing parents based on known ge-
netic diversity and estimated population structure could be important for breeding and ge-
netic resource conservation programs (Zhang et al. 2011).
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Exchange and exploitation of the wheat germplasm from different countries for imple-
mentation into existing breeding programs has led to the formation of very complex ge-
netic structure in the newly generated elite lines. The characterization of population struc-
ture is critical to determine and correctly interpret the associations between functional and
molecular diversity (Chen et al. 2012), i.e. finding important regions responsible for ex-
pression of the agronomically important traits (Couviour et al. 2011). In the last few years,
application of association analysis directly on diverse germplasm (Neumann et al. 2011)
for detection of QTLs has taken priority over using specially designed populations, which
was time consuming and provided a low level of polymorphisms (Kobiljski et al. 2009).
The existence of structure in a certain population could cause apparent LD (linkage dis-
equilibrium) between loci which are not linked. This seeming LD is a result of artificial se-
lection through the breeding process, genetic drift and mating systems of specific species
(Flint-Garcia et al. 2003; Yu and Buckler 2006). The main issue is to avoid incorrect popu-
lation structure and thereby false associations, which is accomplished by developing and
improving appropriate statistical methods and tools (Zhang et al. 2010).
Utilization of molecular markers represents reliable tool for assessment of genetic di-
versity and population structure in hexaploid wheat genotypes. Although microsatellites
have been in use for decades, they are still one of the most powerful and robust molecular
markers due to their higher level of genetic diversity in comparison to other codominant
markers (Röder et al. 2002; Varshney et al. 2007).
The aim of this paper was to estimate genetic diversity and population structure based
on molecular data by using model-based algorithm.
Materials and Methods
The set of 284 varieties were genotyped using 30 microsatellite markers. The chosen ge-
notypes originate from 24 different countries and are a part of the biggest wheat core col-
lection in Serbia, located at the Small Grains Department of the Institute of Field and Veg-
etable Crops in Novi Sad. The SSR markers located near to important agronomical QTLs
were chosen according to the relevant literature data (Table 1). The primer sequences were
taken from the data base – GrainGenes (http://wheat.pw.usda.gov/GG2/index.shtml). The
microsatellite markers were positioned among all three genomes and almost all linkage
groups.
The DNA was extracted from 284 genotypes (10 plantlets per genotype) using modi-
fied CTAB protocol (Doyle and Doyle 1990). The PCR reactions were carried out accord-
ing to Röder et al. (1998) with specific annealing temperature depending on certain SSR
markers. The total amount of PCR reaction was 10 µl, which contained 30 ng of genomic
DNA, 1× buffer solution, 2 mM dNTPs, 1.5 mM MgCl2, 10 pmol of each primers and
1 unit of Taq polymerase. The forward primers were labeled with one of the listed fluores-
cent dyes VIC, 6-FAM, NED or PET. The fragment analysis was performed using capil-
lary electrophoresis at Genetic Analyzer ABI Prism 3130 (Applied Biosystems, Foster
City, CA, USA). The total volume of reaction for electrophoresis was 10 µl and consisted
of 2 µl of mixed PCR products, 0.2 µl of Gene Scan 500 LIZ standards and 7.8 µl of Hi-Di
Cereal Research Communications 43, 2015
BRBAKLIH et al.: Genetic Structure of Wheat Population 23
Cereal Research Communications 43, 2015
24 BRBAKLIH et al.: Genetic Structure of Wheat Population
T
a
b
le
1
.
T
he
ch
os
en
m
ic
ro
sa
te
ll
it
e
m
ar
ke
rs
w
it
h
ch
ro
m
os
om
e
po
si
ti
on
an
d
se
qu
en
ce
s
of
fo
rw
ar
d
an
d
re
ve
rs
e
pr
im
er
s
N
o.
S
S
R
m
ar
ke
rs
an
d
S
eq
ue
nc
es
of
fo
rw
ar
d
pr
im
er
s
S
eq
ue
nc
es
of
re
ve
rs
e
pr
im
er
s
m
ar
ke
rs
ch
ro
m
os
om
es
1
W
M
C
28
(5
B
)
5’
A
T
C
A
C
G
C
A
T
G
T
C
T
G
C
T
A
T
G
T
A
T
3’
5’
A
T
T
A
G
A
C
C
A
T
G
A
A
G
A
C
G
T
G
T
A
T
3’
2
C
F
D
65
(1
A
)
5’
A
G
A
C
G
A
T
G
A
G
A
A
G
G
A
A
G
C
C
A
3’
5’
C
C
T
C
C
C
T
T
G
T
T
T
T
T
G
G
G
A
T
T
3’
3
G
W
M
29
2
(5
D
)
5’
T
C
A
C
C
G
T
G
G
T
C
A
C
C
G
A
C
3’
5’
C
C
A
C
C
G
A
G
C
C
G
A
T
A
A
T
G
T
A
C
3’
4
W
M
C
16
7
(2
D
)
5’
A
G
T
G
G
T
A
A
T
G
A
G
G
T
G
A
A
A
G
A
A
G
3’
5’
T
C
G
G
T
C
G
T
A
T
A
T
G
C
A
T
G
T
A
A
A
G
3’
5
G
W
M
27
1
(5
B
)
5’
C
A
A
G
A
T
C
G
T
G
G
A
G
C
C
A
G
C
3’
5’
A
G
C
T
G
C
T
A
G
C
T
T
T
T
G
G
G
A
C
A
3’
6
C
F
A
22
57
(7
A
)
5’
G
A
T
A
C
A
A
T
A
G
G
T
G
C
C
T
C
C
G
C
3’
5’
C
C
A
T
T
A
T
G
T
A
A
A
T
G
C
T
T
C
T
G
T
T
T
G
A
3’
7
W
M
C
83
(7
A
)
5’
T
G
G
A
G
G
A
A
A
C
A
C
A
A
T
G
G
A
T
G
C
C
3’
5’
G
A
G
T
A
T
C
G
C
C
G
A
C
G
A
A
A
G
G
G
A
A
3’
8
G
W
M
14
8
(2
B
)
5’
G
T
G
A
G
G
C
A
G
C
A
A
G
A
G
A
G
A
A
A
3’
5’
C
A
A
A
G
C
T
T
G
A
C
T
C
A
G
A
C
C
A
A
A
3’
9
P
S
P
32
00
(6
D
)
5’
G
T
T
C
T
G
A
A
G
A
C
A
T
T
A
C
G
G
A
T
G
3’
5’
G
A
G
A
A
T
A
G
C
T
G
G
T
T
T
T
G
T
G
G
3’
10
G
W
M
18
1
(3
B
)
5’
T
C
A
T
T
G
G
T
A
A
T
G
A
G
G
A
G
A
G
A
3’
5’
G
A
A
C
C
A
T
T
C
A
T
G
T
G
C
A
T
G
T
C
3’
11
C
F
A
20
86
(2
A
)
5’
T
C
T
A
C
T
T
T
C
A
G
G
G
C
A
C
C
T
C
G
3’
5’
T
C
T
C
T
C
C
A
A
A
C
C
T
C
C
C
T
G
T
A
A
3’
12
W
M
C
17
0
(2
A
)
5’
A
C
A
T
C
C
A
C
G
T
T
T
A
T
G
T
T
G
T
T
G
C
3’
5’
T
T
G
G
T
T
G
C
T
C
A
A
C
G
T
T
T
A
C
T
T
C
3’
13
G
W
M
11
(1
B
)
5’
G
G
A
T
A
G
T
C
A
G
A
C
A
A
T
T
C
T
T
G
T
G
3’
5’
G
T
G
A
A
T
T
G
T
G
T
C
T
T
G
T
A
T
G
C
T
T
C
C
3’
14
W
M
C
44
(1
B
)
5’
G
G
T
C
T
T
C
T
G
G
G
C
T
T
T
G
A
T
C
C
T
G
3’
5’
T
G
T
T
G
C
T
A
G
G
G
A
C
C
C
G
T
A
G
T
G
G
3’
15
C
F
A
21
14
(6
A
)
5’
A
T
T
G
G
A
A
G
G
C
C
A
C
G
A
T
A
C
A
C
3’
5’
C
C
C
G
T
C
G
G
G
T
T
T
T
A
T
C
T
A
G
C
3’
16
B
A
R
C
10
1
(2
B
)
5’
G
C
T
C
C
T
C
T
C
A
C
G
A
T
C
A
C
G
C
A
A
A
G
3’
5’
G
C
G
A
G
T
C
G
A
T
C
A
C
A
C
T
A
T
G
A
G
C
C
A
A
T
G
3’
17
W
M
C
21
6
(1
D
)
5’
A
C
G
T
A
T
C
C
A
G
A
C
A
C
T
G
T
G
G
T
A
A
3’
5’
T
A
A
T
G
G
T
G
G
A
T
C
C
A
T
G
A
T
A
G
C
C
3’
18
G
W
M
29
4
(2
A
)
5’
G
G
A
T
T
G
G
A
G
T
T
A
A
G
A
G
A
G
A
A
C
C
G
3’
5’
G
C
A
G
A
G
T
G
A
T
C
A
A
T
G
C
C
A
G
A
3’
19
W
M
C
16
6
(7
B
)
5’
A
T
A
A
A
G
C
T
G
T
C
T
C
T
T
T
A
G
T
T
C
G
3’
5’
G
T
T
T
T
A
A
C
A
C
A
T
A
T
G
C
A
T
A
C
C
T
3’
20
W
M
C
18
(2
D
)
5’
C
T
G
G
G
G
C
T
T
G
G
A
T
C
A
C
G
T
C
A
T
T
3’
5’
A
G
C
C
A
T
G
G
A
C
A
T
G
G
T
G
T
C
C
T
T
C
3’
21
C
F
D
71
(4
A
)
5’
C
A
A
T
A
A
G
T
A
G
G
C
C
G
G
G
A
C
A
A
3’
5’
T
G
T
G
C
C
A
G
T
T
G
A
G
T
T
T
G
C
T
C
3’
22
G
W
M
15
7
(2
D
)
5’
G
T
C
G
T
C
G
C
G
G
T
A
A
G
C
T
T
G
3’
5’
G
A
G
T
G
A
A
C
A
C
A
C
G
A
G
G
C
T
T
G
3’
23
W
M
C
14
4
(2
D
)
5’
G
G
A
C
A
C
C
A
A
T
C
C
A
A
C
A
T
G
A
A
C
A
3’
5’
A
A
G
G
A
T
A
G
T
T
G
G
G
T
G
G
T
G
C
T
G
A
3’
24
W
M
C
40
7
(2
A
)
5’
G
G
T
A
A
T
T
C
T
A
G
G
C
T
G
A
C
A
T
A
T
G
C
T
C
3’
5’
C
A
T
A
T
T
T
C
C
A
A
A
T
C
C
C
C
A
A
C
T
C
3’
25
W
M
C
33
3
(1
A
)
5’
T
C
A
A
G
C
A
T
A
G
G
T
G
G
C
T
T
C
G
G
3’
5’
A
C
A
G
C
A
G
C
C
T
T
C
A
A
G
C
G
T
T
C
3’
26
W
M
C
33
3
(6
A
)
5’
T
C
A
A
G
C
A
T
A
G
G
T
G
G
C
T
T
C
G
G
3’
5’
A
C
A
G
C
A
G
C
C
T
T
C
A
A
G
C
G
T
T
C
3’
27
G
W
M
16
0
(4
A
)
5’
T
T
C
A
A
T
T
C
A
G
T
C
T
T
G
G
C
T
T
G
G
3’
5’
C
T
G
C
A
G
G
A
A
A
A
A
A
A
G
T
A
C
A
C
C
C
3’
28
W
M
C
15
4
(2
B
)
5’
A
T
G
C
T
C
G
T
C
A
G
T
G
T
C
A
T
G
T
T
T
G
3’
5’
A
A
A
C
G
G
A
A
C
C
T
A
C
C
T
C
A
C
T
C
T
T
3’
29
G
W
M
21
9
(6
B
)
5’
G
A
T
G
A
G
C
G
A
C
A
C
C
T
A
G
C
C
T
C
3’
5’
G
G
G
G
T
C
C
G
A
G
T
C
C
A
C
A
A
C
3’
30
G
W
M
36
8
(4
B
)
5’
C
C
A
T
T
T
C
A
C
C
T
A
A
T
G
C
C
T
G
C
3’
5’
A
A
T
A
A
A
A
C
C
A
T
G
A
G
C
T
C
A
C
T
T
G
C
3’
formamide for denaturation of double-stranded products. The electrophoresis data were
collected in Data Collection Software v.3.0. and analyzed using GeneMapper Software
v.4.0 (Applied Biosystems, Foster City, CA, USA).
Statistical analysis
Genetic diversity was analyzed by using the PowerMarker software v.3.25 (Liu and Muse
2005). The model-based method was chosen to quantitatively estimate structural member-
ship proportions and account for admixture in individuals that may be assigned to more
than one sub-population. Population structure was estimated using the Bayesian algorithm
based on molecular data implemented in program Structure v. 2.3.4 (Pritchard et al. 2000).
The simulation included admixture model with independent allele frequencies. The length
of the burn-in and MCMC (Markov Chain Monte Carlo) were the same for both and ap-
pointed as 100,000. The number of iterations was recorded as 3 and the hypothetical num-
ber of cluster was set from K = 1 to K = 20. The choice of the numbers of clusters K was
determined by comparing log probabilities of data Pr [X|K]. The available pedigree data
for genotypes were included (data not shown) and were taken from ECPGR pedigree data-
base (http://genbank.vurv.cz/ewdb/).
Results
A total of 284 genotypes were analyzed with 30 polymorphic SSR markers. The total
number of detected alleles was 349 in all analyzed loci. The maximum value of detected
allelic form (142) was found in genome B, whereas genome D covered minimum number
(73) of allelic variants. The average number of determined alleles per loci ranged from
10.4 in genome D to 12.9 in B genome. The most important parameter of genetic diversity
in all investigated loci was the polymorphic information content (PIC). It was calculated
for each locus, whereas the average PIC value for the all analyzed genotypes was 0.68
(Table 2).
The model based method was applied for assessment of population structure of the cho-
sen genotypes. According to Structure output, the probability of data has shown the pres-
ence of six subpopulations (Fig. 1). The largest cluster (light blue) consisted of 114 geno-
types with approximately 80% varieties originating from Serbia. The second largest sub-
population (pink) contained 45 genotypes almost all originating from France and Great
Britain. The next three groups consist of similar number of genotypes (40, 37 and 30)
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Table 2. The basic parameters of population genetics obtained with molecular analysis in program
PowerMarker v.3.25
Genetic diversity A genome B genome D genome Average/Total
No. of investigated loci 12 11 7 30
No. of alleles per locus 11.2 12.9 10.4 11.5
PIC value 0.72 0.74 0.57 0.68
representing American (red), the rest of the Serbian varieties with genotypes of various or-
igin (dark blue) and more than a half of Croatian varieties (yellow), respectively. The
smallest cluster (green) was composed of 18 mostly American wheat cultivars.
Discussion
The investigation of genetic diversity in materials originating from specific regions and
countries (Stachel et al. 2000; Chen et al. 2003) demonstrated extremely low values of
mean alleles per locus and level of polymorphism. Wang et al. (2013) reported 6.32 alleles
per locus in 92 investigated wheat varieties and related species using 44 SSR markers.
Chao et al. (2007) reported on average 7.2 alleles per locus among the US wheat acces-
sions, lower than 11.5 alleles determined in our research. This could be caused by the de-
tection system with low resolution or breeding selection on the investigated materials,
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Figure 1. The distribution of genotypes into six subpopulations labeled with different colours
(dark blue, pink, green, yellow, light blue, red) estimated based on molecular data in program STRUCTURE
which lead to reduction in genetic diversity. Röder et al. (2002) found 10.5 alleles per lo-
cus in 502 European varieties, which indicates that our initial material demonstrates suffi-
cient level of genetic diversity. The PIC value of the loci ranged from 0.57 in D genome to
0.74 in B genome. Wang et al. (2013) found similar PIC values from 0.36 to 0.88 with
mean PIC value of 0.75 using more SSR markers. Huang et al. (2002) reported that the
highest PIC value was found in B, followed by A and D genomes. The same results were
obtained in our material as evidence that D genome possesses the lowest level of polymor-
phism in hexaploid wheat genotypes. The investigated cultivars of different origin had a
great level of polymorphism based on the revealed alleles and PIC values despite rela-
tively small number of SSR markers. The chosen genotypes were adequate and have suffi-
cient level of diversity, which enables further explorations of this set of genotypes for as-
sociation mapping for traits of interest.
Structure of wheat populations worldwide is still not well known. Our understanding of
the population structure is hampered by the increase of germplasm exchange between
breeding centers causing changes in the historical structure of genetic diversity (Couviour
et al. 2011). Moreover, population structure is greatly affected by many factors such as
breeders activities, years of release, environmental conditions etc. In our study, model-
based algorithm clustered genotypes into 6 subpopulations which could partially be ex-
plained by geography origin. Most of cultivars from the same country were grouped to-
gether. Yet, some genotypes with different origin were assigned into the same subpopu-
lations indicating the possible presence of common or related ancestors in their pedigrees.
The available information of pedigree data could help to identify frequently used parents
for selection in different breeding centers due to extensive exchange of breeding materi-
als. The varieties dominated in the largest group were developed from a Russian variety
Bezostaja 1, as a parent, which was often used in breeding programs in East and Central
Europe and was carrier of Rht8 and PpD1 genes. Likewise, the genotypes grouped in the
fourth cluster with predominant Croatian varieties represented descendants of Mara and
Libellula, two Italian varieties that had a great impact on wheat breeding in former Yugo-
slavia. These cultivars were improved for the local climatic conditions and industry re-
quirements (Borojevic and Borojevic 2005). Our findings confirmed that population
structure and genotype relatedness assessed with molecular markers are consistent with
genotype origin and available pedigree data.
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